The etching of Si, SiO 2 , Si 3 N 4 , and SiCH in fluorocarbon plasmas is accompanied by the formation of a thin steady-state fluorocarbon film at the substrate surface. The thickness of this film and the substrate etch rate have often been related. In the present work, this film has been characterized for a wide range of processing conditions in a high-density plasma reactor. It was found that the thickness of this fluorocarbon film is not necessarily the main parameter controlling the substrate etch rate. When varying the self-bias voltage, for example, we found a weak correlation between the etch rate of the substrate and the fluorocarbon film thickness. Instead, for a wide range of processing conditions, it was found that ion-induced defluorination of the fluorocarbon film plays a major role in the etching process. We therefore suggest that the fluorocarbon film can be an important source of fluorine and is not necessarily an etch-inhibiting film.
I. INTRODUCTION
Etching of vias and trenches in silicon dioxide is a crucial step in the fabrication of multilevel interconnects. The current oxide-etch technology relies on the use of fluorocarbon gases to achieve the required profile control and etch selectivity to mask and etch stop layers. Even though this technology has made enormous progress over the last decades, a thorough understanding of the etch processes is still lacking. Proper modeling would require the knowledge of all species in a fluorocarbon discharge, which is practically impossible bearing in mind the large number of different species and the variety of interactions that can take place in the gas phase and at the substrate surface. Instead, most researchers have limited their study to just a few parameters that are easy to control or to measure in fluorocarbon plasmas, for example, ion current density and average ion energy.
A thin fluorocarbon surface film has been identified by Coburn 1 and Oehrlein et al., [2] [3] [4] Rueger et al., 5 Standaert et al., 6 and Schaepkens et al. 7 as an important parameter in the etching of various substrate materials. These authors found that the etching has to occur through this thin fluorocarbon film. Typically, fluorocarbon material is deposited on cooled, unbiased surfaces in fluorine-deficient discharges. In high-density plasma systems, the fluorocarbon film growth on the wafer is prevented by applying a rf bias to the wafer. The average energy of impacting ions is proportional to the applied rf bias power which does not influence the flux of the various ion and neutral species to the wafer surface. If the ion energy is increased above a discharge-dependent threshold value, the fluorocarbon deposition is balanced by the removal of fluorocarbon material. At this point etching of the substrate takes place. As a result of the competition between fluorocarbon deposition and etching, a thin steady-state fluorocarbon film is covering the surface during the etching of the substrate. The thickness of this fluorocarbon film is constant during etching, but varies with substrate material and discharge parameters.
Since substrate etching has to occur through the steadystate fluorocarbon film, it is often referred to as an etch inhibiting film. Recent work by Schaepkens et al. 7 showed that the etch rate of SiO 2 , Si 3 N 4 , and Si decreases as function of the fluorocarbon film thickness and seems to suggest that the fluorocarbon film is indeed an etch-inhibiting film. It is important to note that the study by Schaepkens et al. was performed at constant ion energy. In this work a wider range of processing conditions has been investigated and it was found that fluorocarbon film is not necessarily inhibiting the etch rate. As a matter of fact, ion-induced defluorination of the fluorocarbon film can be a main source of fluorine used for etching of the substrate.
In this article we also investigate the etching of amorphous hydrogenated silicon carbide (a-Si x C 1Ϫx :H) which is a potential candidate for replacing Si 3 N 4 as an etch stop layer. SiCH has a significantly lower dielectric constant (k ϳ4.5) than Si 3 N 4 (kϳ7). The SiCH film used in this study was deposited by plasma enhanced chemical vapor deposition. The refractive index n was measured during the etch back of the SiCH films by in situ ellipsometry: nϭ1.78 at 632.8 nm. 
II. EXPERIMENTAL SETUP AND PROCEDURES
The reactor used for this work is an inductively coupled plasma reactor shown in Fig. 1 . A rf current is driven through a planar coil at 1400 W and 13.56 MHz using an L-type matching network. The current is inductively coupled into the vacuum below the quartz window. The induced electromagnetic fields confine the plasma generation to a narrow region 2-3 cm below the window. Electrons and ions diffuse out of this region towards the electrode. The ion energy can be controlled independently of the ion generation by applying a rf bias ͑13.56 MHz͒ to the electrode. The temperature of the electrode was maintained at 20°C. A gas flow of 50 sccm of CF 4 , CHF 3 , or C 4 F 8 was injected at the edge of the quartz window. The pressure was maintained at 10 mTorr during the experiments using a throttle valve in the exhaust line. Before each experiment, the chamber was cleaned by an O 2 discharge. The chamber was then seasoned for 3 min using the conditions for the next experiment. After the cleaning and seasoning steps the sample was loaded and the experiment was conducted. To ensure stable processing conditions and reproducibility, a thin mesh was installed around the discharge region as is shown in Fig. 1 . Due to its low thermal mass, the mesh quickly reached its equilibrium temperature of approximately 200°C. The temperature of the vessel wall was maintained at 50°C by heating straps.
Samples of approximately 2 cmϫ2 cm in size were positioned on the center of the electrode. Etch rates were obtained using in situ single wavelength ellipsometry. Partially etched samples were transferred under ultrahigh vacuum conditions to a Vacuum Generators ESCA Mk II analysis chamber for x-ray photoelectron spectroscopy ͑XPS͒ analysis. Photoemission spectra at normal incidence and a grazing angle of 22°were obtained using a nonmonochromatized Mg K␣ source ͑1253.6 eV͒. The pass energy of the hemispherical analyzer was fixed at 20 eV. The resolution was in this case limited by the linewidth of the Mg K␣ source, approximately 1 eV.
III. RESULTS

A. Etch rate and steady-state fluorocarbon film thickness versus self-bias voltage
Blanket Si, Si 3 N 4 , SiO 2 , and SiCH films were etched in a CHF 3 discharge maintained at 10 mTorr and 1400 W source power. The rf bias power was the only parameter being varied in this set of experiments. The self-bias voltage that develops on the electrode is proportional to the rf bias power and was measured with respect to ground using a probe attached directly to the electrode. The etch rate in each experiment was determined by in situ ellipsometry. After processing, the surface of the partially etched samples was characterized by XPS analysis. The thickness of the steadystate fluorocarbon film could then be calculated from the various photoemission intensities by methods outlined elsewhere. 5, 6 Figure 2͑a͒ shows the etch rates and Fig. 2͑b͒ the steady-state fluorocarbon film thickness (d CF x ), both as a function of the self-bias voltage. Etching of all substrates is inhibited by fluorocarbon film growth when the self-bias voltage is set below Ϫ50 V. The SiO 2 etch rate increases rapidly when the self-bias voltage exceeds this threshold value. When the self-bias voltage is increased further to Ϫ75 V, the Si 3 N 4 etch rate exhibits a sudden increase and eventually becomes larger than the SiO 2 etch rate. Figure 2͑b͒ shows that the fluorocarbon film thickness depends strongly on the self-bias voltage near the threshold value of Ϫ50 V, but varies only weakly at higher self-bias voltages. Panels ͑a͒ and ͑b͒ in Fig. 2 show that the higher etch rates for SiO 2 and Si 3 N 4 are accompanied by a thinner fluorocarbon film on the order of 1 nm. It is interesting to note that the rapid increase in the Si 3 N 4 etch rate occurs when the fluorocarbon film thickness is on the order of 1.0-1.5 nm. In Sec. III C we will argue that this thickness most likely corresponds to the average ion penetration depth. 2 , and SiCH in a CHF 3 discharge. Pressure, gas flow, and source power were fixed at 10 mTorr, 50 sccm, and 1400 W, respectively. The etch rates of the various substrates show a strong increase with self-bias voltage, whereas the fluorocarbon film thickness remains rather constant at higher self-bias voltages.
The etch rate and steady-state fluorocarbon film thickness were also measured in a C 4 F 8 discharge and are shown in Fig. 3 . In contrast to CHF 3 , the Si 3 N 4 etch rate is very similar to the Si and SiCH etch rates. The Si, SiCH, and Si 3 N 4 etch rates are accompanied by a fluorocarbon film of at least 1.5 nm in thickness. The fluorocarbon film on SiO 2 , on the other hand, is quickly suppressed to a thickness below 1.5 nm as the self-bias voltage is increased above Ϫ60 V.
Since etching of the substrate material must occur through the fluorocarbon film, it is expected that the fluorocarbon film thickness is an important parameter in the etching process. Nonetheless, the steady-state fluorocarbon film thickness on all substrates is rather constant at higher self-bias voltages in both CHF 3 and C 4 F 8 , while the etch rates of the various substrate materials show a strong dependence on the self-bias voltage. The ion energy, in addition to fluorocarbon film thickness, is thus an important parameter in the etching process. The question now arises how the ion energy enhances the substrate etch rate. In Sec. III B we will argue that ion-induced defluorination of the fluorocarbon film is an important process in the etch mechanism of the various substrate materials.
B. Ion-induced defluorination of the fluorocarbon film
Although the thickness of the steady-state fluorocarbon film on the various substrates does not significantly vary at higher self-bias voltages, the stoichiometry of the film is strongly dependent on the self-bias voltage. Figure 4 shows C(1s) photoemission spectra from Si samples partially etched in a C 4 F 8 discharge at various self-bias voltages. The electron take-off angle was 22°with respect to the sample surface. The various bonds between carbon and fluorine atoms ͑C-C and C-F i , iϭ1,2,3) give rise to distinct contributions in the C(1s) spectrum which are separated by approximately 2.4 eV. The contribution at around 284 eV from C-Si is relatively low in these spectra and suggests a low silicon concentration in the fluorocarbon film. This is confirmed by analysis of the Si(2p) intensity which is much lower than measured on a virgin silicon substrate. Hence, possible contributions from carbon atoms bonded to both silicon and fluorine can be ignored in the C(1s) spectrum. Figure 4 shows that the relative contribution of C-F i bonds in the C(1s) spectra decreases as the self-bias voltage is increased. The spectra were fitted using a linear background and Gaussian functions for the various chemically shifted contributions. The fluorine content in the film can be expressed in the atomic fluorine to carbon ratio ͑F/C͒ and is defined as
where A(...) is the area of the fitted Gaussian function for the chemically shifted contribution indicated between the parentheses. As the self-bias voltage is increased from Ϫ45 to Ϫ200 V the F/C ratio drops from 1.37 to 1.08. Figure 5 shows Si(2p) spectra taken from the same set of samples as those used for Fig. 4 . Analogous to the C(1s) spectra, the various silicon-fluorine bonds ͑Si-Si and Si-F i , iϭ1, 2, 3, 4) give rise to chemically shifted contributions separated by approximately 1.15 eV for each fluorine atom. It is expected that in addition to silicon-fluorine bonds, silicon-carbon bonds are also formed upon plasma exposure of a silicon sample. Unfortunately, it is difficult to account for these bonds in the Si(2p) spectra as fluorine is more electronegative than carbon. At a self-bias voltage of Ϫ45 V only the elemental Si(2p) photoemission at 99.5 eV is present and no significant trace of fluorination of the Si 2 , and SiCH in a C 4 F 8 discharge. Pressure, gas flow, and source power were fixed at 10 mTorr, 50 sccm, and 1400 W, respectively. Similar to the CHF 3 etching gas ͑Fig. 2͒, the fluorocarbon film thickness does not significantly change at higher selfbias voltages. It is interesting to note that the Si 3 N 4 etch rate and corresponding fluorocarbon film thickness behave now more like Si, SiCH.
FIG. 4. C(1s) photoemission spectra of steady-state fluorocarbon films on partially etched Si. The samples were etched at various self-bias voltage using C 4 F 8 as the feedgas. The spectra were obtained at a grazing collection angle of 22°. The baseline was moved up for the higher self-bias voltages in order to visualize the spectra better. The defluorination of the fluorocarbon films at higher self-bias voltages is evident, for example, by comparing the C-F 2 to C-C contributions.
can be observed at the higher binding energies. The Si(2p) spectra from the samples processed at Ϫ125 and Ϫ200 V, on the other hand, show that the silicon below the fluorocarbon film becomes more fluorinated at higher self-bias voltages. A similar observation in an electron cyclotron resonance system was made by Vender et al. 8 The results shown in Figs. 4 and 5 suggest that at higher ion energies more fluorine from the steady-state fluorocarbon film is driven to the silicon interface. This is consistent with ion-beam experiments conducted by Lau and co-workers. 9, 10 Defluorination of the steady-state fluorocarbon film is induced by impact of energetic ions causing fragmentation of molecular ions and surface molecules. Since most of the energy of impacting ions is dissipated by the first few monolayers ͑ϳ1 nm͒ of the fluorocarbon film, atomic fluorine from fragmentation is released in the first few monolayers. In case of silicon, angle resolved x-ray photoelectron spectroscopy ͑ARXPS͒ shows that the surface of the fluorocarbon film is more fluorinated and suggests a fluorine gradient towards the silicon interface. 6 ARXPS also shows that this gradient increases with self-bias voltage. Since the etch rate increases with the self-bias voltage, and in turn with the fluorine gradient, it seems very plausible that fluorine is transported from the first few monolayers to the interface by a diffusion-like process. A discussion on this diffusion-like process in high-density plasmas can be found in Ref. 6 .
In order to quantify the defluorination of the steady state fluorocarbon film, we have chosen to define it as the difference between the F/C ratio of a thick fluorocarbon film ͑ϳ100 nm͒ deposited at floating potential ͑no rf bias applied to the electrode͒ and the F/C ratio of the steady-state fluorocarbon film. Both F/C ratios have been measured at a grazing angle of 22°. The etch rates of Si, SiO 2 , and Si 3 N 4 are plotted in Fig. 6 as function of the defluorination in CHF 3 and C 4 F 8 discharges sustained at 10 mTorr and 1400 W source power. The only varying parameter is the self-bias voltage. Both defluorination and etch rate increase with the self-bias voltage. Figure 6͑a͒ shows that the silicon etch rate is proportional to the fluorine depletion of the fluorocarbon film. It strongly suggests that fluorine from the fluorocarbon film is used for silicon etching. The transport of atomic fluorine from the gas phase to the substrate interface has been ignored up to this point. Unfortunately, it cannot be concluded from Fig. 6͑a͒ to which extent fluorine from the gas phase contributes to the etching of Si. It is likely that fluorine from fragmentation is more important as it is implanted within the first monolayers. Fluorine from the gas phase, on the other hand, has to diffuse over a larger depth to reach the Si interface.
SiO 2 can be etched through various reaction channels, for example, through the formation of SiF 4 , COF 2 , CO, and CO 2 . The processing conditions in CHF 3 and, especially, C 4 F 8 result in a steady-state fluorocarbon film of at least a few monolayers. The correlation between defluorination and SiO 2 etch rate in Fig. 6͑b͒ suggests that in this case SiO 2 etching is limited by channels that require fluorine. This is consistent with a recent study which shows that the etch rate of several oxide-like low-k materials is limited by the reaction channel that requires the influx of fluorine when the fluorocarbon film reaches a thickness that is comparable to the ion penetration depth ͑ϳ1 nm͒. defluorination of the fluorocarbon film is an important mechanism for the etching of Si, Si 3 N 4 , and SiO 2 . The role of the fluorocarbon film thickness on the etch mechanism of these substrates is discussed next.
C. Etch rate versus fluorocarbon film thickness
The processing conditions in CHF 3 and C 4 F 8 result in the formation of a fluorocarbon film that is at least a few monolayers thick. The thickness of the fluorocarbon film depends strongly on the polymerization, which in turn depends on the fluorine deficiency of the feed gas. CF 4 discharges are fluorine rich and a low deposition rate of fluorocarbon is obtained for the processing conditions used here. For comparison, the fluorocarbon deposition rates at a floating potential in CF 4 , CHF 3 , and C 4 F 8 discharges are 5, 250, and 330 nm/min, respectively. The low deposition rate in CF 4 produces relatively thin steady-state fluorocarbon films when a rf bias is applied to the substrate. The etch rate of SiO 2 , Si 3 N 4 , Si, and SiCH in CF 4 ͑crossed symbols͒ is plotted as a function of the steady-state fluorocarbon film thickness in Fig. 7 . ͑Figure 7 also contains the data for CHF 3 and C 4 F 8 , solid and open symbols, respectively.͒ The self-bias voltage was varied from Ϫ55 to Ϫ200 V. Although the etch rate of all substrates in CF 4 increases with self-bias voltage, the fluorocarbon film thickness remains unchanged. The observation that the etch rate is independent of the film thickness in this case may be explained by assuming that fluorocarbon films of ϳ1 nm or less are transparent to the ion flux.
The fluorocarbon film on Si and SiCH in CF 4 discharges is relatively thick compared to the single monolayer films on SiO 2 and Si 3 N 4 . Fluorocarbon deposition and etching of the steady-state fluorocarbon film are balanced so that the rate at which carbon atoms are deposited equals the rate at which carbonaceous etch products desorb from the surface. In contrast to SiO 2 and Si 3 N 4 where carbon atoms can be removed from the fluorocarbon film through reaction channels using oxygen and nitrogen from the substrate, 7 Si and SiCH do not have the ability to form volatile species with carbon. Hence, the rate at which fluorocarbon products desorb has to be higher for Si and SiCH than for SiO 2 and Si 3 N 4 . It is plausible that the steady-state fluorocarbon film adjusts itself to a thicker film on Si and SiCH to increase the reaction probability between the fluorocarbon film and the impacting ions.
The data obtained in CHF 3 and C 4 F 8 from Figs. 2 and 3 were added to Fig. 7 for comparison. The dashed lines for CF 4 and the solid lines for CHF 3 and C 4 F 8 in Fig. 7 show the relationship between etch rate and fluorocarbon film thickness when the self-bias voltage is increased from Ϫ45 to Ϫ200 V. These lines run almost vertically in the processing regime where the fluorocarbon film thickness is below 1.2 nm. It is only this regime that the etch rate of Si, Si 3 N 4 , and SiO 2 depends strongly on the self-bias voltage but only weakly on the fluorocarbon film thickness. This regime can be identified as a chemical sputtering regime where most ions penetrate the fluorocarbon film. 5, 12 Etching is in this case primarily controlled by direct ion impact on the substrate material. SiO 2 , Si 3 N 4 , SiCH, and Si etch in this case at a similar rate. ͑Note that the ion current densities are similar for CF 4 , CHF 3 , and C 4 F 8 discharges.͒ Figure 7 shows that fluorocarbon film thickness starts to influence the substrate etch rate as it increases beyond approximately 1.2 nm. Direct ion penetration into the substrate interface is expected to strongly decrease for fluorocarbon films thicker than ϳ1 nm and the transport of fluorine to the substrate interface may become the rate limiting process in the etching.
11 Figure 6 shows a strong correlation between the ion-induced defluorination of the fluorocarbon film and the substrate etch rate. It is interesting that this correlation holds for fluorocarbon films ranging from 0.7 to 3.5 nm. This suggests that ion-induced defluorination is an important mechanism in both the sputtering and the diffusioncontrolled regime. Figure 8 shows C(1s) spectra from partially etched SiO 2 films. The steady-state fluorocarbon film becomes more fluorine deficient as the fluorine to carbon ratio of the feedgas increases. This may be counterintuitive. However, the rate at which the steady-state fluorocarbon film is refreshed during the etching process is lower for CF 4 and CHF 3 considering the higher fluorocarbon deposition rate for C 4 F 8 . Hence, it can be expected that fluorocarbon films in CHF 3 and CF 4 will be more fluorine deficient due to ion-induced defluorination. ͑The ion current density to the surface is very similar in C 4 F 8 , CHF 3 , and CF 4 .) In case of CHF 3 , the fluorine content is further reduced by hydrogen, which scavenges fluorine from the fluorocarbon film through the formation of HF.
Even though fluorocarbon film formation on Si 3 N 4 and SiO 2 in CF 4 is limited to a single monolayer and ions and FIG. 7 . Etch rate as function of steady-state fluorocarbon film thickness for SiO 2 , Si 3 N 4 , Si, and SiCH in CF 4 , CHF 3 , and C 4 F 8 plasmas. Pressure, gas flow, and source power were fixed at 10 mTorr, 50 sccm, and 1400 W, respectively. The parameter varied for the various substrates is the self-bias voltage. The two solid lines roughly describe correlation between the etch rate and fluorocarbon film thickness for CHF 3 and C 4 F 8 etching gases. The dashed lines show the correlation for CF 4 , but now there is more distinct separation between the substrates. The data suggest that the etch rate is independent of the fluorocarbon film thickness when it is less than ϳ1 nm and ions can easily penetrate the thin fluorocarbon film. Direct penetration is less likely above ϳ1 nm and the fluorocarbon film is now the medium through which etching has to take place.
neutrals from the gas phase can easily penetrate this very thin layer, the etch rate in CF 4 is not enhanced compared to CHF 3 or C 4 F 8 . This further substantiates the proposed role of ioninduced defluorination where the fluorocarbon film can form a source of fluorine as opposed to an etch-inhibiting film.
In summary, Fig. 7 suggests that the fluorocarbon thickness starts to modulate the substrate etch rate when the thickness increases above approximately 1 nm. Ions can penetrate fluorocarbon films that are thinner than 1 nm and directly contribute to etching. In this sputtering regime, no correlation between etch rate and film thickness is observed. The etch rate scales linearly with the ion-induced defluorination of fluorocarbon film ranging from 0.7 to 3.5 nm in thickness. So far it has been assumed that there is no mixing between the fluorocarbon film and the substrate. It was found that a significant amount of mixing is present when fluorine rich feedgases are used. In a CF 4 discharge, for example, the amount of silicon in the fluorocarbon film is comparable to the amount of carbon. Proper deconvolution of the C(1s) spectra now needs to account for silicon-carbon bonds, such as Si-C-F n bonds (nϭ1,2,3) which could be neglected in Sec. III B for CHF 3 and C 4 F 8 . Since this prevents the computation of the defluorination as defined in Sec. III B, data for CF 4 were not included in Fig. 6 . Section III D will show that the mixing can have important consequences for the etch rate.
D. Interface mixing between substrate and fluorocarbon film
In steady state etching of Si, SiO 2 , and Si 3 N 4 , the flux of carbon and fluorine towards the substrate must be equivalent to the flux of carbon and fluorine desorbing from the substrate regardless of the ion energy. The etch yield, on the other hand, increases with ion energy. For beam studies on silicon, Gray et al. 13 and Abrams and Graves 14 have ascribed the increase in etch yield to an amorphous fluorocarbonsilyl (Si x C y F z ) mixing layer. At higher ion energies, ions can penetrate deeper into the substrate and more silicon atoms are displaced into this mixing layer and subsequently sputtered from the surface. This mechanism relies thus on the dislocation of silicon atoms into the first few monolayers of the fluorocarbonsilyl layer. Etching of SiO 2 in CF 4 and CHF 3 takes place through a relatively thin fluorocarbon film ͑Ͻ1 nm͒. Energetic ions can penetrate this thin film and the large contribution of C-Si bonds in the C(1s) spectra in Fig. 8 shows that silicon atoms are mixed to a significant extent throughout the fluorocarbon film. 15 This portion of the data seems thus consistent with the sputter theory discussed above. Interestingly, the C(1s) spectrum for C 4 F 8 in Fig. 8 shows a much lower amount of silicon mixing in the fluorocarbon film, while the SiO 2 etch rate is similar to CHF 3 and CF 4 . Even though interface mixing between the fluorocarbon film and the substrate may be an important element in SiO 2 etching, the SiO 2 etch rate does not completely scale with the amount of mixing.
Comparison between Figs. 4 and 8 shows that the number of displaced silicon atoms to the top surface of the fluorocarbon film is much lower for a silicon substrate than for oxide in CHF 3 and C 4 F 8 . The selectivity between oxide and silicon observed in CHF 3 and C 4 F 8 could thus be attributed to the absence of an extended mixing layer. In line with the reasoning by Gray and Adams, a lower etch rate is expected when the interface mixing does not extend to the top surface, thus preventing any direct abstraction of substrate elements by impinging ions and radicals. Figure 2͑a͒ shows that the Si 3 N 4 etches selective to oxide at low self-bias voltages but surpasses the SiO 2 etch rate at higher self-bias voltages. The C(1s) signature of the fluorocarbon films at Ϫ55 and Ϫ200 V self-bias voltage are shown in Figs. 9͑a͒ and 9͑b͒ , respectively. At Ϫ55 V one can clearly see the various contributions of the C-F n bonds and the contribution of C-Si like bonds at 284 eV is relatively low. Both observations indicate that there is only a small amount of mixing between the Si 3 N 4 substrate and the fluorocarbon film. This picture changes considerably when the self-bias voltage is increase to Ϫ200 V where the C-Si contribution at 284 eV becomes significant. The distinct contributions of the C-F, C-F 2 , and C-F 3 bonds in this spectrum are blurred by the contributions from carbon atoms bonded to both Si and F atoms. Clearly, the mixing layer between the fluorocarbon film and the Si 3 N 4 substrate increases as the fluorocarbon film is suppressed and the selectivity between Si 3 N 4 and SiO 2 is lost.
The dataset that are presented in this article shows that the etch rate correlates most strongly with the defluorination of the fluorocarbon film and, to a lesser degree, with interface FIG. 8. C(1s) spectra of SiO 2 films partially etched in CF 4 , CHF 3 , and C 4 F 8 . The self-bias voltage was Ϫ200 V. The spectra were acquired at a grazing collection angle of 22°. The baseline was moved up for the CHF 3 and C 4 F 8 in order to visualize the spectra better. Despite the fact that the relative fluorine to carbon ratio of the feedgas is the lowest for C 4 F 8 , the F/C ratio in the fluorocarbon film is the highest. The spectra also indicate that the etching of SiO 2 with C 4 F 8 is accompanied by a thicker fluorocarbon film and less interface mixing as indicated by the SiC contribution at ϳ284 eV. mixing between the fluorocarbon film and the substrate. In the case of Si, for example, Fig. 5 shows no significant increase in the Si-Fn contributions in the Si(2p) spectrum when the self-bias voltage is increased from Ϫ125 to Ϫ200 V. The Si etch rate, on the other hand, increases with selfbias voltage.
E. Additional comments on the etching of SiCH
For the processing conditions used in this study, the etch rate of SiC is very similar to Si. Its dependence on the defluorination of the fluorocarbon film is harder to quantify due to overlapping contributions of the fluorinated Si-C bonds. Nonetheless, Fig. 10 shows that the C-F, C-F 2 , and C-F 3 contributions drop relative to the C-Si and C-CF n contributions as the self-bias voltage is increased, consistent with defluorination of the fluorocarbon film. Since SiCH has a significant amount of carbon, the C(1s) spectra also has contributions from Si-C-F i (iϭ1,2,3) bonds, which increase at higher self-bias voltages. The position of these Si-C-F i contributions is expected to be slightly less negative than the C-F i bonds. This explains the fact that the C-F i contributions seem to shift to less negative binding energies at the higher self-bias voltages. The truth, of course, is that the Si-C-F i contributions increase, while the C-F i contributions decrease. The pronounced Si-C and C-CF n contributions at Ϫ60 V merge as the self-bias voltage is increased. This can be explained by one or more of the following reasons: fluorination of the SiC substrate, thinner fluorocarbon film, and an increased amount of mixing with the fluorocarbon film.
The Si(2p) spectra obtained for various self-bias voltages in C 4 F 8 are shown in Fig. 11 . The spectra were corrected for charging by centering the main contribution to 100.3 eV. The spectra were also normalized so that the main contribution at 100.3 eV peaks at 3000 counts/s. Interestingly, the Si(2p) spectra show the same behavior as seen on Si substrates in Fig. 5 . The fluorination of the SiCH surface can be seen by the contributions above 100.3 eV. Similar to Si this fluorination does not seem to increase at higher self-bias voltages. FIG. 9 . C(1s) spectra acquired at normal ͑90°͒ and grazing ͑22°͒ incidence for partially etched Si 3 N 4 samples. The spectra in panel ͑a͒ and ͑b͒ are obtained from a samples etched in CHF 3 at a self-bias voltage of Ϫ55 and Ϫ200 V, respectively. The low SiC contribution at ϳ284 eV in panel ͑a͒ indicates a relatively low level of interface mixing between the fluorocarbon film and the Si 3 N 4 substrate at Ϫ55 V self-bias voltage. Panel ͑b͒, in contrast, shows a large SiC contribution and the distinct C-F i contributions have now faded, both suggesting a significant amount of interface mixing at Ϫ200 V self-bias voltage.
FIG. 10. C(1s) spectra of SiCH films partially etched in C 4 F 8 at various self-bias voltages. Source power and pressure were fixed at 1400 W and 10 mTorr, respectively. The spectra were acquired at a normal collection angle ͑90°͒. The baseline was moved up for the higher self-bias voltages in order to visualize the spectra better. The defluorination of the fluorocarbon film at higher self-bias voltages is evident by the decrease in the C-F i (iϭ1,2,3) contributions relative to the C-Si and C-CF n contributions. The dotted lines indicate the various C-F x contribution at Ϫ55 V self-bias voltage. What seems like an apparent shift in binding energies of these various contributions at higher self-bias voltages, can actually be explained by the fluorination of the SiCH substrate.
FIG. 11. Si(2p) spectra of SiCH films partially etched in C 4 F 8 at various self-bias voltages. Source power and pressure were fixed at 1400 W and 10 mTorr, respectively. The electron collection angle is normal to the surface ͑90°͒. The spectra have been corrected for charging by moving the main contribution to 100.3 eV. The spectra have also been normalized such that the intensity at 100.3 eV is the same for all spectra. The fluorination of the SiC substrate is clearly visible by the shoulder at 102-103 eV. Interestingly, the magnitude of this shoulder does not increase relative to the main contribution at 100.3 eV and suggests that the fluorination of the SiC substrate remains constant when the self-bias voltage is varied between Ϫ60 and Ϫ200 V.
IV. CONCLUSIONS
Current oxide etch technology is moving to more fluorine-deficient discharges, for example C 4 F 8 and C 5 F 8 , in order to optimize process control and to obtain better selectivity to mask and etch stop layers. This work shows that thicker steady-state fluorocarbon films can be expected for Si, Si 3 N 4 , and SiO 2 . For these thicker steady-state films, the ion energy will be dissipated in the fluorocarbon layer, and direct ion induced etching of the substrate will be strongly reduced. This work also shows that for a complete understanding of these fluorine-deficient discharges, ion-induced defluorination of the surface films and ion-driven transport and reaction ͑fluorination͒ of the substrate must be taken into account to explain the observed etching behavior.
